Experiments at 1250°C and 25 kbar are used to illustrate the silicate-carbonate compositional distribution evident in maximum extent of the silicate-carbonate immiscible liquid field in many (but not all) carbonatite complexes. a multicomponent system and the effects of CO 2 undersaturation.
INTRODUCTION
ized natural compositions as starting materials, and a similar expansion of the two-liquid field has been demIn recent years there has been considerable interest in onstrated over the pressure range 0·7-7 kbar (Fig. 1b) . the origin of carbonatite magmas and considerable debate
In contrast, the 25 kbar experiments of Baker & Wyllie has developed regarding the origin of carbonatite magmas (1990) suggest that the two-liquid field in multicomponent that reach the Earth's surface (see Bell, 1989) . Two systems is relatively small and confined to highly alkalipetrogenetic theories have become popular: the seprich compositions, which are not representative of natural aration of an immiscible melt fraction from a silicate mantle magmas (Fig. 1b) . Further experiments by Lee & magma and direct production by melting of a carbonated Wyllie (1997) appeared to confirm a contraction of the mantle. One feature often quoted in support of the immiscible theory is the ability to reproduce the bimodal two-liquid field from 10 to 25 kbar. The high-pressure two-liquid fields of Wyllie and coworkers are clearly less extensive than both the low-pressure fields of Freestone & Hamilton (1980) and the high-pressure fields seen in the SNAC + CO 2 system. Baker & Wyllie (1990) and Lee & Wyllie (1997) suggested the differences are due to the high MgO contents of their 'natural' starting compositions.
It is well understood that bulk compositional changes affect the size of the two-liquid field in the silicatecarbonate system. Alkalis have an obvious control, which is evident in Fig. 1 , the two-liquid field closing off for bulk compositions with less than~5 wt % alkalis. However, as stability of carbonate liquids is dependent on the presence and the partial pressure of carbon dioxide (P CO2 ), this variable must also have an important effect. This is not apparent in the Freestone & Hamilton type pseudoternary plot used in Fig. 1 , as a projection is made from CO 2 . In the original application of this diagram by Freestone & Hamilton (1980) this was not a problem, as all twoliquid assemblages existed with excess CO 2 .
To examine the effect of P CO2 on the size of the twoliquid field, experiments were performed at CO 2 -saturated and -undersaturated conditions for one bulk composition at fixed P (25 kbar) and T (1250°C) conditions. Two further experiments were then designed to demonstrate the extent of the CO 2 -saturated two-liquid field to low alkali contents.
EXPERIMENTAL METHOD AND STARTING MATERIALS
The starting compositions used in this study are listed in The higher temperatures of the high-pressure solvi tend to give an these compositions all identical on a CO 2 -free, total Fe underestimation of the pressure-related expansion. The 2 and 5 kbar basis, but they also replicate the bulk composition BW116 data are corrected versions of the solvi of Kjarsgaard & Hamilton (1988) and Kjarsgaard (1990) , where the composition of minor silicate (a 50:50 mix of nephelinite 68KEE-1 and Na 2 CO 3 ) used beads exsolved during quenching has been added back to the carbonate by Baker & Wyllie (1990) and Lee & Wyllie (1997 ) liquid composition (B. A. Kjarsgaard, personal communication, 1993 . (compare mix B and 'vol. free' mix 1 in Table 1 ). Starting
The 15 kbar solvus is from Brooker (1995) and represents a corrected composition A, with a CO 2 content of 30·55 wt %, was version of the Brooker & Hamilton (1990) solvus. The 25 kbar data are from Lee & Wyllie (1996) are compared with selected solvi from Freestone & Hamilton (1980) . The 116 starting composition is represented by the Fe 3+ ratios (listed in Table 2 ) were achieved by varying circle labelled 1. Starting compositions 3 and 5 did not produce two the Fe 2 O 3 to FeO ratios, producing the range of 'C' liquids at 25 kbar in the study of Baker & Wyllie (1990) . The Freestone mixes and mix D. Starting mixes of variable CO 2 content & Hamilton (1980) starting compositions are labelled P (phonolitic) were prepared by devolatilizing an aliquot of starting and N (nephelinitic), and immiscible liquid compositions at 1100°C are indicated for 0·7 (Η), 3 (Α) and 7 kbar (Φ). The filled symbols of mix A (to give mix B) and then recombining mix B in the same shape indicate the estimated position of these solvi at 1250°C. variable amounts with mix A, C or D. To produce the The 10 kbar, 1200°C liquids of Lee & Wyllie (1997) are indicated by volatile-free mix B, the starting powder was devolatilized an asterisk and a number related to the starting composition, 1 or 3.
by melting at 1 atm in a gas mixing furnace at an f O 2
The arrow indicates the apparent change in the width of the 1250°C solvus, increasing from 0·7 to 7 kbar then decreasing between 7 and equivalent to the nickel-nickel oxide buffer (NNO). The 25 kbar, as required by the Baker & Wyllie (1990) equations of Kilinc et al. (1983) . Mix RB519 was prepared As the maximum possible control of CO 2 content was considered critical in the current experiments, prewith all FeO added as FeCO 3 to give a total CO 2 content saturated, Fe-doped platinum capsules were used to conof 32·90 wt %. However, the natural siderite used as a trol Fe loss. Although graphite liners are commonly used starting material also contained a high concentration of to control iron loss in experimental studies (e.g. Baker & Mn, which is evident in Table 1 . , any free CO 2 vapour phase in equilibrium Two additional compositions of lower alkali content with graphite will contain some amount of CO. The were also prepared. The starting composition RB541 amount of CO at 1250°C and 25 kbar is minimal, but is based on experiments of Brooker & Kjarsgaard (in increases to become significant (~30 mol %) at 10 kbar preparation) and is a 50:50 mix of immiscible silicate (e.g. Eggler et al., 1979) , thereby reducing the partial and carbonate liquid compositions originally produced pressure (fugacity) of CO 2 . The interaction of graphite by mixing an alkali-rich melilitite and a small amount of with iron oxides in the starting material may also increase a 'mantle-type' carbonatite composition [modified from or decrease the loaded CO 2 content (see Holloway et al., Wallace & Green (1988) ], where the carbonate fraction 1992) and prediction of the prevalent f O 2 and CO 2 in the original experiment was much smaller. The inter-activity becomes difficult. However, the effect of including mediate-alkali run RB539 contained equal amounts of graphite liners was investigated in runs RB509 and RB541 and a C-type mix. It should be noted that the RB510. MgO/CaO ratio of RB541 is much lower than in the The experiments were run in a non-end-loaded piston BW116 type compositions. The nominal temperature of cylinder apparatus using NaCl-Pyrex assemblies and experiment RB541 was 1300°C, to avoid the precipitation W-Re thermocouples. Run conditions were approached of solid phases. However, a range of liquid compositions by the 'hot piston out' technique and quenched isowere produced, and comparison with a 1400°C ex-barically (with a slight over-pressure to discourage volatile periment (not included in this study) suggested the pres-exsolution). The f O 2 during a run is a complex function ence of a thermal gradient during the run, with a range of many variables and is difficult to estimate, but the Fe 2+ /Fe 3+ ratios of the listed starting compositions (see of temperatures possibly from 1300 to 1350°C. VOLUME 39 NUMBER 11 & 12 NOV & DEC 1998 
SL+CL+V?+Di(Qu?) * This sample was run at a nominal temperature of 1300°C and 25 kbar (see text). All other samples were run at 1250°C and 25 kbar. A 'g' in the starting mix indicates graphite liners used. Phases in run product: SL, silicate liquid; CL, carbonate liquid; V, vapour present; Sp, spinel; Ol, olivine; Aeg, aegirine; Ab, albite-rich feldspar; Di, high-Ca pyroxene; Opx, low-Ca pyroxene; G, graphite precipitate. 'Qu' indicates a phase formed during quenching. Table 2 ) represent nominal, initial values ranging from expected for the Na-Ca content of the melt, with a reduction as the SiO 2 content is increased (i.e. Si is NNO to approximately NNO -9.
Experimental charges were retrieved and examined not associated with CO 2 in the melt). These operating conditions have also been shown to reproduce the CO 2 under a binocular microscope before being opened, then impregnated and mounted in epoxy resin. Cutting and contents (shortfalls) of silicate glasses that have been analysed for CO 2 by LECO bulk analysis. These results polishing was performed using anhydrous lubricants.
suggest that this technique provides accurate data, but Microprobe analyses of the experimental charges was only for large, well-polished areas of quenched carbonate performed on a JEOL 8600 superprobe at Arizona State (and silicate) melt. Badly polished samples or areas close University, using WDS techniques. A defocused beam to the 10 m beam size result in large shortfall in totals, (10 m) was used, operating at 10 nA and 15 kV. Sodium especially for Na. For experiments where two immiscible analysis times were kept to the minimum required for liquids are the only phases, it is also possible to consider acceptable counting statistics, but no beam damage or the mass balance relationships for each oxide component fall in count rate was observed at the current setting and determine the success of reconstructing the liquid used, even for count times in excess of 10 s. Raw data compositions during analysis. This process suggested that were reduced using Bence-Albee corrections (with CO 2 some Fe loss was experienced in certain experiments, being accounted for by difference). In addition to CO 2 , but most other components demonstrated a surprising the analytical shortfall must also include an unknown, internal consistency. but very small amount of water (unavoidable in such experiments) and excess oxygen resulting from analysing all Fe as FeO tot . Similar standards were used for the silicate and carbonate phases, and these were tested RESULTS on a range of secondary standards. These consisted of specially prepared, quenched Na-Ca carbonate liquids All experiments were performed at 25 kbar and 1250°C, with the exception of run RB541, which was run at a with minor amounts of SiO 2 added. These standards had textures comparable with the samples in this study. higher temperature of 1300-1350°C (see experimental section). Run data are presented in Table 2 . Run products For these carbonate standards, the shortfall appears to approximately reflect the stoichiometric amount of CO 2 consisted of two quenched liquids, with or without solid phases. Some runs also had evidence of an excess vapour any corner with little effect. However, this representation is not entirely suitable for many 'natural' compositions phase. Stable crystal phases were identified only for the sections examined by electron microprobe, and as a result (including the bulk composition of this study), where FeO tot and MgO are present in significant quantities. The the listed assemblage in Table 2 may not be complete. For most runs that contained solid phases, they formed way in which these extra components are apportioned can significantly alter the visual representation of the data. a minor percentage of the charge, and some appeared to be formed or modified during quenching. Graphite The results of this study show that two-liquid partitioning behaviour is complex, and that FeO tot and MgO can precipitation was identified by blackening of the charge or the presence of highly reflective crystals. Silicate liquids favour either the silicate or the carbonate liquids. As a result, it is not possible to assign them as either carbonatequench to light green-brown transparent glasses. Carbonate liquids quench to fibrous intergrowths of car-type (along the CaO-alkalis join), or silicate-type (SiO 2 + Al 2 O 3 corner) components. FeO tot is particularly bonates, as observed in other experimental studies (see Fig. 2 corner would tend to widen the two-liquid field in this textures common to previous studies (e.g. Freestone & Hamilton, 1980; Kjarsgaard & Hamilton, 1988; Lee & study, as FeO tot favours the silicate liquid in most (but not all) experiments. However, for the purpose of this Wyllie, 1996 Wyllie, , 1997 . In particular, silicate liquids are often on the convex side of the meniscus (Fig. 2a-c) , in study the Freestone & Hamilton pseudoternary has been used, and the large changes in the extent of the two-liquid some cases the carbonate liquid forming a bead towards the top (Fig. 2a and c) or the bottom (Fig. 2b) of the field would be apparent regardless of the assignment of MgO and FeO. capsule. This may suggest changes in the relative densities and viscosities of the silicate and carbonate liquids in this
The high-alkali experiments in Fig. 3 illustrate the increase in the width of the two-liquid field as the bulk study. However, when graphite liners are used, the spatial relations of the liquids can be reversed. This was par-CO 2 content of this selected starting composition is
increased. This appears to reach a maximum at a bulk ticularly apparent for graphite-lined runs RB509 (Fig. 2d) and RB510, where the silicate liquid formed a spherical CO 2 content between 30·55 and 32·90 wt % for this particular starting composition. It is also evident from bead surrounded by carbonate melt, even though very similar liquid compositions formed a carbonate bead Fig. 3 that the Freestone & Hamilton (1980) technique of projecting from CO 2 must obscure important information texture in an unlined platinum capsule (compare RB510 and RB504 in Table 3 ). This suggests that the interface related to this component. In Fig. 4 , an attempt has been made to represent the starting compositions and energy (surface tension) between the melts and the capsule material can be important in controlling the texture. In immiscible liquids in CO 2 space. As most of the highalkali experiment liquids in Fig. 3 lie on or close to the some experiments where the compositions of the two liquids, and therefore their physical properties, become join X-Y, a projection onto this line allows the data to be represented on the plane X-Y-CO 2 . In Fig. 4 , the very similar, the phases may be seen to form an interlocking network of tunnels (Fig. 2e) .
tie-lines between conjugate liquids tend to pass above the bulk composition in CO 2 space. This is caused by The compositions of conjugate silicate and carbonate liquids are listed in Table 3 and plotted on a Freestone an overestimation of probe shortfall (which is taken to represent the CO 2 content; see experimental section) but & Hamilton type pseudoternary in Fig. 3 . However, caution must be exercised when using this method of may also result from the precipitation of CO 2 -free solid phases, which will also increase the CO 2 available to the representation for the compositions of this study (and Baker & Wyllie, 1990 ). This triangular projection was liquids in undersaturated experiments.
The majority of high-alkali experimental runs with first used by Freestone & Hamilton (1980) and combines the main components into three groups, which are then 30·55 wt % CO 2 produced an audible hiss upon opening, which may indicate the presence of an excess vapour (or projected from CO 2 . For the Freestone & Hamilton (1980) data this was acceptable, as liquid compositions fluid) phase. In addition, it is often possible to locate small vesicles in these charges, indicative of an excess were dominated by SiO 2 , Al 2 O 3 , CaO and alkalis, with low MgO and FeO. The SiO 2 and Al 2 O 3 both partition vapour phase during the run. The starting mix RB519, with 32·90 wt % CO 2 (Fe added as FeCO 3 ), produced strongly into the silicate liquid, whilst the alkalis mimic each other in their partitioning behaviour. As a result, the same liquid compositions as the runs with 30·55 wt % CO 2 , but this sample had a much larger vesicle, which the main components were well represented, split into the three groups [(SiO 2 + Al 2 O 3 )-CaO-alkalis] and the is illustrated in Fig. 2a . This suggests that the two-liquid compositions produced at 30·55 wt % CO 2 approximately minor amounts of other components could be added to VOLUME 39 NUMBER 11 & 12 NOV & DEC 1998 3·50  7·84  3·05  7·88  2·09  2·85  2·17  3·36  5·55  4·33 10·04  4·20  2·11  2·74  2·87 10·54   TiO 2  0·63  0·62  0·83  0·59  0·87  0·79  0·91  0·83  0·50  0·68  0·71  0·58  0·77  0·82  0·86  0·73   Al 2 O 3  0·49  0·99  0·76  0·80  0·55  0·61  0·51  0·85  0·59  0·70  1·36  0·59  0·44  0·63  0·67  2·12   FeO tot  4·24  2·09  5·87  1·59  4·70  5·96  5·17  5·95  1·53  4·21  1·87  2·79  5·32  5·27  5·53  3·52   MgO  8·14  6·12  8·10  4·83  8·68  8·09  8·62  8·04  5·72  8·02  5·57  7·07  8·38  7·77  7·79  7·60   CaO  7·46  7·07  7·12  7·07  6·75  6·89  7·00  7·02  7·37  7·22  6·62  7·66  6·74  6·80 18·61 29·63   Na 2 O  33·72 39·42 30·81 41·35 32·08 30·85 31·73 30·67 40·63 33·38 41·55 36·38 31·75 29·40 18·81  6·27   K 2 O  0·42  0·51  0·36  0·59  0·40  0·36  0·32  0·38  0·51  0·42  0·55  0·41  0·33  0·32  1·37  2·19   P 2 O 5  0·48  0·69  0·43  0·68  0·47  0·39  0·45  0·45  0·75  0·53  0·69  0·63  0·53  0·35  1·25  1·78   CO 2  40·88 35·18 42·62 34·63 43·40 43·17 43·10 42·43 36·82 40·49 31·03 39·48 43·62 44·17 41·06 33·36   F  1·18  2·26 MnO 1·73
define the boundary between the 'two-liquid' and 'two-range of the CO 2 -saturated solvus at 25 kbar and 1250°C (Fig. 3) . However, attempts to run the RB541 composition liquid + vapour' fields in Fig. 4 . It is important to note that bulk compositions towards the silicate-rich end of at 1250°C resulted in a large amount of stable and/or quench solid phases, which force the resulting liquid the conjugation tie-lines would require less CO 2 for saturation (as shown by the phase diagram, Fig. 4 ), but compositions to higher alkali contents, and produce tielines well above the bulk composition. RB541 also exwould also exsolve a much smaller amount of carbonate liquid, as defined by the lever rule.
hibited a range of liquid compositions, indicating a thermal gradient across the capsule. As a result, the most The data presented in Figs 3 and 4 show that the degree of CO 2 saturation is fundamental in controlling extreme compositions have been taken to represent a temperature of 1300°C and the theoretical 1250°C solvus the extent (size or width) of the silicate-carbonate twoliquid field. The two lower alkali runs (RB539 and RB541) position is estimated to pass outside these liquid compositions for illustrative purposes. A series of experiments also appear to contain excess CO 2 (see large vesicle in Fig. 2e) , and it is possible to estimate the full compositional (not included in this study) at 1400°C (super-liquidus), using variably devolatilized versions of RB541, showed DISCUSSION immiscibility for CO 2 contents of 23 and 20 wt %, but The results of this study demonstrate the obvious inonly one liquid at 16·6 wt %. It should also be noted fluence of CO 2 saturation on the immiscible solvus, and that experimental compositions near a solvus closure allow a reassessment of the experimental studies of Baker (either in terms of alkali content or CO 2 saturation) are & and Lee & Wyllie (1997) , in particular, the very sensitive to slight changes in conditions or bulk unexpectedly small two-liquid field at 25 kbar (Fig. 1b) . composition, because of the high intersecting angle of On a CO 2 -free, total Fe basis, the high-alkali runs of the tie-line and the solvus, and as a result these com-this study are comparable with experiment 116 of Baker positions can be difficult to reproduce.
& and mix 1 of Lee & Wyllie (1997) Bulk compositions with a range of ferrous/ferric ratios have been utilized in this study (Table 2) , and this variable appears to have little influence on the width of the twoliquid field (within analytical or experimental error). A comparison of experiments using Fe-doped capsules with graphite-lined capsules (e.g. RB510 vs RB504) also indicates little change in the width of the two-liquid field. As these two variables can be ruled out as the reason for the narrow two-liquid fields of Baker & Wyllie (1990) or Lee & Wyllie (1997) , the variation in CO 2 content would liquids are plotted as a function of the bulk CO 2 contents of starting appear to be responsible for this feature. of Freestone & Hamilton (1980) and the unexpectedly small two-liquid fields of Baker & Wyllie (1990) or Lee & Wyllie (1997) . Run RB506 (18·33 wt % CO 2 ) appears to be the experiment that is most comparable (in terms of CO 2 ) with the calculated BW116 composition (~20·67 wt % CO 2 ), and this experiment produced not only very similar liquid compositions, but also an identical phase assemblage of olivine and spinel (with graphite present). It is clear that the experiments of Baker & Wyllie (1990) were significantly CO 2 undersaturated, resulting in a small two-liquid field, which represents only one of a range of possible situations.
Whereas P CO2 is equal to P total for saturated compositions, the undersaturated experiments experience some lower P CO2 as the activity of CO 2 is less than unity. For the Baker & Wyllie 116 experiment, CO 2 activity appears more equivalent to the P CO2 experienced by 0·5 kbar CO 2 -saturated experiments (compare with Fig. 1b) . The Lee & Wyllie (1997) 10 kbar, 1200°C liquid compositions are also plotted in Fig. 1b , and indicate CO 2 activities approximately equivalent to the P CO2 of 1·5 and Fig. 4 . The CO 2 contents of starting compositions and immiscible 5 kbar saturated experiments (for bulk compositions 1 liquids are represented on the triangular plane formed by the X-Y and 3, respectively). This shows that these experiments join and the CO 2 apex in Fig. 3 , compositions being projected (parallel remain variably undersaturated at 10 kbar, consistent to the alkali-CaMgFe join) onto this plane. The lower two-liquid field boundary has been drawn below the liquid compositions to indicate with the statement of Lee & Wyllie (1997) that: 'It was that CO 2 contents may be slightly overestimated (see text). The two-difficult to find unambiguous evidence for the expected liquid field is also split along a line represented by the 25·97 wt % vapour phase.' CO 2 liquid tie-line, as experiments at lower bulk CO 2 contents contained solid phases whereas those of higher CO 2 contents did not. The lower Figure 5 has been constructed after Fig. 4 then close with increasing pressure if the total CO 2 saturation requirement of the system increases with pressure to surpass the available CO 2 content. This would experimental section). Baker & Wyllie's 116 starting composition is described as a 50:50 mix of a dewatered appear to explain the closure observed by Lee & Wyllie to reach saturation and exsolve a small amount of carbonatite liquid at these pressures. Reports of immiscibility at 31 kbar in the mantle experiments of suggest that the experiment experienced a high enough partial pressure of CO 2 to extend the two-liquid field to intersect the alkali content of the mantle magma produced.
The results of this study show that the two-liquid field of Baker & Wyllie represents only one of a range of possible circumstances in the mantle, but the statement of Baker & Wyllie (1990) that: 'Based on our vapour undersaturated experiments we conclude that carbonatitic melts are unlikely to be produced by immiscible exsolution from carbonated silicate liquids at pressures between 20 and 30 kbar. We do not expect the presence figure demonstrates the theoretical effect of changing pressure for a given bulk starting composition. The different effects that result from Baker & Wyllie (1990) have also reported a closure of (i) a reduction in P CO 2 by undersaturation at constant P total and (ii) a the two-liquid field with the addition of 4·5 wt % water reduction in P total at saturation are illustrated. The CO 2 -saturated field [see also Freestone & Hamilton (1980) Lee & Wyllie, 1997) at high pressure vapour-present liquidus for calcite (e.g. Wyllie, 1989 ) suggests some finite solubility, which increases rapidly at low pressures. also appears to be incorrect when the CO 2 saturation effect is considered. However, experiments have shown that the addition of MgO can slightly reduce the size of (1997) from 10 to 25 kbar. It is clear from Figs 4 and 5 that the two-liquid field. In the phonolitic-natrocarbonatite small changes in the CO 2 content of an undersaturated experiments of Freestone & Hamilton (1980) , the addition magma can exercise great control on the size of the two-of 7 wt % MgO at 3 kbar reduced the field by an amount liquid field, without any change in pressure (P total ) or equivalent to a pressure reduction of~2 kbar. The data temperature. This control can even override the normal of Brooker (1995) indicate that the addition of 14 wt % P-T trends, actually producing an expansion of the two-MgO to the SNAC + CO 2 system at 20 kbar produces liquid field with decreasing P total (perhaps in an ascending a field equivalent to 10 kbar in the MgO-free system. magma).
Both these examples represent relatively minor changes CO 2 -saturated experiments RB539 and RB541 of this in the solvus width and liquid compositions, compared study demonstrate the maximum possible extent of the with the large variations experienced for CO 2 underimmiscible field at 25 kbar, to low alkali contents (Fig. 3) . saturation. It should also be noted that the natural, The conclusion of Baker & Wyllie (1990) that carbonatite Hawaiian nephelinite that provides the MgO/CaO ratio melts cannot be exsolved from naturally occurring, low-in the experiments of Wyllie and coworkers is not from alkali magmas formed at mantle pressures may need to a carbonatite complex and probably did not originate be reassessed. The process of immiscibility may still from a carbonated or metasomatized mantle. Nerequire unusually high alkali and CO 2 contents in the phelinites and especially melilitites produced by melting mantle, but not the unrealistically high alkali content of a carbonated mantle may exhibit higher CaO contents, suggested by Baker & Wyllie (1990) . High-alkali and possibly because of changes in mantle mineral stabilities CO 2 -enriched, metasomatized horizons and silicate melts in the presence of CO 2 (e.g. Edgar, 1987) , but more appear to exist at mantle pressures, as suggested by Bailey probably as a result of metasomatism. LeBas (1987 LeBas ( ) has (1987 , Wyllie (1987) , , Haggerty noted the lower MgO/CaO ratios (at a given SiO 2 (1989), Pyle & Haggerty (1994) , Yaxley & Green (1996) content) of nephelinites associated with carbonatites, and and Draper & Green (1997) . It is apparent from Fig. 4 an apparent dominance of cpx fractionation for parental compositions, possibly reflecting a high primary CaO that silicate-rich melts may require only 6-7 wt % CO 2
